Island arc magmas differ from most igneous rocks emplaced within other tectonic settings in their depletions in the high field strength elements (HFSE) relative to other incompatible elements, e.g. large ion lithophile elements (LILE) and light rare earth elements (LREE). They are usually characterized by low TiO 2 contents (<1%) and high LILE/HFSE and HREE/HFSE ratios compared with other mantle-derived magmas. Their chondriteor mantle-normalized trace element plots display negative anomalies in Nb, and, sometimes, Zr and Ti compared with adjacent elements. The origin of these distinctive chemical characteristics is attributed to the metasomatic modification of the sub-arc mantle by LILE and LREE originating from the subducted slab (Tatsumi et al, 1986; McCulloch & Gamble, 1991; Hawkesworth et al., 1991) . The most widely accepted metasomatic model postulates a highly depleted mid-ocean ridge basalt (MORB)-type mantle that has been enriched in LILE and LREE by HFSE-poor slab-derived fluids or magmas.
INTRODUCTION
Island arc magmas differ from most igneous rocks emplaced within other tectonic settings in their depletions in the high field strength elements (HFSE) relative to other incompatible elements, e.g. large ion lithophile elements (LILE) and light rare earth elements (LREE). They are usually characterized by low TiO 2 contents (<1%) and high LILE/HFSE and HREE/HFSE ratios compared with other mantle-derived magmas. Their chondriteor mantle-normalized trace element plots display negative anomalies in Nb, and, sometimes, Zr and Ti compared with adjacent elements. The origin of these distinctive chemical characteristics is attributed to the metasomatic modification of the sub-arc mantle by LILE and LREE originating from the subducted slab (Tatsumi et al, 1986; McCulloch & Gamble, 1991; Hawkesworth et al., 1991) . The most widely accepted metasomatic model postulates a highly depleted mid-ocean ridge basalt (MORB)-type mantle that has been enriched in LILE and LREE by HFSE-poor slab-derived fluids or magmas.
Mafic lavas displaying HFSE enrichments have, however, been described from modern island arcs. In contrast to typical arc magmas, these rocks are characterized by relatively high TiC>2 contents (1-2%) and low LILE/HFSE and LREE/HFSE ratios. Their mantle-normalized multi-element plots display weak positive or negative anomalies in Nb, such that their mantle-normalized La/Nb ratios [(La/Nb)^^] are <2, but seldom <0-7. These rocks have been described from Turrialba, Costa Rica (Reagan & Gill, 1989) , Baja California, Mexico (Verma & Nelson, 1989) , Southern Washington Cascades (Leeman et al., 1990; Defant & Drummond, 1993) and La Yeguada, Panama (Defant et al., 1992) . They have been called high-Nb basalts (HNB) owing to their high absolute concentrations of Nb (>20 p.p.m.) (Reagan & Gill, 1989; Defant et al., 1991) . Similar rocks have been identified in the Zamboanga peninsula, Mindanao, Philippines (Sajona et al., 1993 (Sajona et al., , 1994 . These lavas, although displaying trace element ratios similar to HNB, have lower absolute Nb contents (7-16 p.p.m.). Sajona et al. (1993 Sajona et al. ( , 1994 called them Nb-enriched basalts (NEB). The purpose of this paper is to present a detailed mineralogical, petrologic and geochemical characterization of the Zamboanga NEB and to attempt to explain the possible origin (s) of their HFSE enrichment in connection with the petrogenesis of the associated adakitic slab melts.
identified by Roeser (1991) in this region, suggests that the extinct spreading center of the basin, which could preserve a high heat flow, is at present subducting. The Pliocene-Quaternary Zamboanga arc is built on the south side of the eastern portion of the peninsula and continues to the southwest as a set of small volcanic islands (e.g. Basilan, Jolo, etc.) . It is separated from the other volcanic fields of Mindanao by the NW-SE-trending left-lateral Cotabato fault (Fig. 1) . The dominant volcanic products of this arc are Nb-enriched basaltic and basaltic andesitic (NEB) flows and pyroclastics occurring on the south side of the eastern portion of the peninsula and in Basilan Island. The northern boundaries of these young mafic lavas, as well as Miocene substrata north of the basaltic edifices, i.e. near the trench axis, are cut and overlain by less voluminous andesites and dacites of adakitic composition (Sajona et al., 1993 (Sajona et al., , 1994 .
GEOLOGICAL BACKGROUND
The Zamboanga peninsula, located in the western portion of Mindanao island, Philippines ( Fig. 1) , is bounded by the Sulu Sea to the north and the Celebes Sea to the south. The Sulu Sea, at present subducting aseismically beneath the peninsula along the Sulu Trench, is one of the small eastern Pacific marginal basins that opened either in the Early Miocene (Rangin & Silver, 1991) or the Oligocene (Roeser, 1991) . Basement rocks of the peninsula include pre-Tertiary metamorphosed continentderived sediments and ophiolitic slivers present in the northern half of the Zamboanga arc. Sparsely outcropping Paleogene sediments consisting of Eocene limestones and Oligocene elastics have a few volcanic interbeds (Antonio, 1972) . The metamorphic basement is overlain by Early-Middle Miocene calcareous elastics and andesitic volcanics, the latter being linked to an earlier subduction episode of the Sulu Sea beneath Zamboanga (Rangin & Silver, 1991; Pubellier et al., 1991a; Sajona et al., 1994) . The cessation of the Sulu Sea opening and subduction along the proto-Sulu Trench is probably related to an important collision event between the Eurasian margin and the central portion of the Philippine archipelago in the Late Miocene (Holloway, 1982; Rangin & Silver, 1991) . The Sulu Trench was reactivated after another collision event in Mindanao island, involving the closure of the Molucca Sea (Moore & Silver, 1983; Pubellier et al., 1991a) . The high thermal gradient (up to 200°C/km; Hinz & Block, 1990) in the southeastern portions of the Sulu Sea near the Sulu Trench, as well as the 10 Ma magnetic lineation
CHEMICAL ANALYSIS AND ROCK CLASSIFICATION
Chemical analyses were obtained by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) (except Rb by atomic absorption spectroscopy) using AC-E, BE-N, MICA-Fe (from the international working group 'Analytical Standards of Minerals and Ores') and JB-2 (from the Geological Survey of Japan) as standards on agate-ground powders. Relative standard deviations for major elements are <2% except for MnO and P2O5. Those for trace elements are ^5%. Detection limits are reported in Table 2 (below). Details of the analytical methods have been given by Cotten et al. (1995) . Microprobe data were obtained using a Cameca SX-50 automated electron microprobe (Microsonde Ouest, Brest, France) . Analyses were done using 15 kV, 10-12 nA and a counting time of 6 s [see Defant et al. (1991) for analytical details], except for Ni in olivine, which was analyzed using 25 kV, 30 nA and counting time of 20 s. The corresponding detection limit for Ni is estimated to be 150 p.p.m.
Results of chemical analyses are listed in Table 1 . Rock classification is based on a K 2 O vs SiO2 diagram ( Fig. 2 ) modified from Pecerillo & Taylor (1979) . Most of the samples are basalts and basaltic andesites that are either arc tholeiitic or calcalkaline. They have been classified as Nb-enriched basalts and basaltic andesites by Sajona et al. (1993 Sajona et al. ( , 1994 . A lone sample, P 90-61 (Table 1) , the youngest dated basaltic andesite, is high-K calcalkaline. Several lava groups can be defined based on their major element compositions. The first group, here called the magnesian (MG) group, con- sists of basalts and one basaltic andesite which are the most magnesian (6-6-7-6% MgO) and most Ferich (~11% FezOs*; the asterisk indicates total iron) lavas in the Zamboanga arc (Table 1, Figs 2  and 3) . They also have high Ti contents (TiO 2 =l-5-l-9%) atypical of island arc rocks. Their FeO*/MgO ratios (assuming FeO* = 0-9 Fe 2 O 3 *; e.g. Tatsumi et aL, 1983) vary from 1-34 to 1-57. They also have the highest CaO/Na 2 O (29-3-2) and CaO/Al 2 O 3 (0-58-0-61) ratios among the Zamboanga samples. The second group is mostly calc-alkaline (CA), and includes basaltic andesites with lower absolute MgO (4-3-6-5%) and Fe 2 O 3 * (7-4-10-3%) contents than the MG group. Their TiO 2 contents display a wider range, from 10% to 1-9%. FeO*/MgO ratios range from 1-09 to 2-08, such that some can be considered as high-Mg andesites (e.g. PH 93-6; Table  1 ). Their CaO/NajO (204-304) and CaO/Al 2 O 3 ratios (0-45-0-58) are lower than those of the MG group.
The third group is low-K (LK), and is composed of basalts and basaltic andesites with MgO and Fe 2 O 3 contents similar to those of the CA group but displaying a limited range of TiO 2 contents (1-0-1-2%). Their FeO*/MgO ratios are also similar to those of the MG group, although they have CaO/ Na 2 O and CaO/Al 2 O 3 ratios (2-48-2-65 and 0-46-VOLUME 37 NUMBER 3 JUNE 1996 1 -3, MG group; 4-6, CA group; 7 and 8, LK group; 9, CAK; 10-12, AD group. D.L, detection limit (Fig. 2 and Table 1 ). Finally, a set of evolved rocks referred to as the andesite-dacite (AD) group (Fig. 2 ) displays low TiO 2 contents (0-4-0-9%) characteristic of island arc lavas. They also have relatively high Na 2 O contents, with Na 2 O/ K 2 O ratios ranging from 2-8 to 4-3. As shown by Sajona et al. (1993 Sajona et al. ( , 1994 , these rocks display typical adakitic compositions (e.g. high Sr/Y ratios, low Y and HREE) that will be described in more detail below.
K-
40 Ar DATING *°K-whole-rock on separated AT dating was performed on 10 samples (160-500 fim fraction) and feldspars (80-160 /xm fraction) from one highly porphyritic andesite (P 90-20) . Age calculations were carried out using constants recommended by Steiger & Ja.ger (1977) , and analytical uncertainty (1(7 error) was calculated according to Mahood & Drake (1982) . Argon extraction was performed by the direct technique under high vacuum (10~5-10~7 hPa) using induction heating of a molybdenum crucible. The argon content was measured by isotope dilution and argon isotopes were analyzed in a 180°s tainless steel mass spectrometer. Other details have been discussed by Bellon & Rangin (1991) . Results are shown in Table 2 . They include ages from Sajona et al. (1994) , several of which have been duplicated on different aliquots from the same samples. A corrected age of 0-72 Ma has been obtained for the porphyritic sample P 90-20 using the correction method described by Sajona et al. (1994) . The oldest age in Table 2 , 3-8810-1 Ma (PH 93-30), was determined for an adakite boulder overlying Late Miocene sediments in the central portion of the peninsula. Two other adakites from cinder cones gave ages of 0971008 Ma (LW 6) and 0-7210-07 Ma. The youngest age of this set is that of the CAK basaltic andesite (average value 0-34 Ma). The emplacement ages of adakites appear to bracket those of the three groups of NEB, which range between 1-98 and 1-08 Ma with the possible exception of one sample, P 90-19, with poorly reproducible ages of 2-58 and 1-91 Ma.
PETROGRAPHY AND MINERALOGY Basalts and basaltic andesites
Except for one highly porphyritic (>20% modal phenocryst) lava (P 90-19) , the rocks of the MG, CA and LK groups range in texture from aphyric to subaphyric (<10% phenocrysts) to slightly porphyritic (10-15% phenocrysts). Olivine phenocrysts are omnipresent in porphyritic specimens. Clinopyroxene phenocrysts appear only in rocks with SiC>2>52%, whereas orthopyroxene and plagioclase phenocrysts are present only in basaltic andesites. The groundmass is always dominated by plagioclase laths and clinopyroxene arranged in intergranular to intersertal and sub-ophitic textures. Pigeonite and orthopyroxene, as well as traces of olivine, are sometimes also present as subordinate groundmass phases. The CAK lava contains ~50% modal phenocrysts of zoned plagioclase (often with dusty cores owing to glass inclusions), clinopyroxene, orthopyroxene and amphibole. Sparse olivine crystals were identified in the groundmass.
The sequence of crystallization in the first three groups is olivine-plagioclase-clinopyroxenemagnetite/ilmenite, whereas for the CAK lava, it is plagioclase-clinopyroxene-orthopyroxene-amphibole-magnetite. Gust & Perfit (1987) experimentally showed that the former sequence corresponds to lowpressure crystallization of basaltic magmas. In derived liquids that are enriched in alumina and alkalis, plagioclase becomes the first liquidus phase followed by olivine/pyroxene, as observed in the CAK sample (Gust & Perfit, 1987; Perfit et al., 1980) . Olivine cores from the most mafic basalts of the MG group have compositions up to FOBO_84 ( (Roeder & Emslie, 1970; Hughes, 1982) .
Representative plagioclase compositions are given in Table 4 . Cores from the MG, CA and LK rocks are usually An7o_5o, whereas rims and groundmass crystals are less calcic at An 5 o-3o-1° the CAK sample, the plagioclases have a uniform composition of An 7O _5o from cores to rims and microlites. A few sanidine crystals (O^Ab+oAn^) occur in the groundmass of this rock.
Although augite is always the dominant pyroxene, it is occasionally associated with pigeonite in the basalts and pigeonite and hypersthene in the basaltic andesites ( Fig. 3a) both as macro-and microphenocrysts. Ca-rich and Ca-poor pyroxenes are apparently in chemical equilibrium, as indicated by their equivalent Mg/(Mg + Fe) ratios which are also close to those of associated olivines (Fig. 3b) . Among the samples analyzed, only the clino-and orthopyroxenes of sample PH 93-39 (a basaltic andesite from the MG group) have relatively homogeneous compositions from core to rim and in the groundmass (Tables 5 and 6 ). We applied the two-pyroxene thermometer of Lindsley (1983) to this sample and obtained a temperature range of 1150-1190°C, consistent with the estimate for sample P 90-36 using olivine-liquid equilibria. All the studied calcic clinopyroxene phenocrysts have relatively low Ti (<005 cations/structural formula), A1 VI and A1 IV and consequently plot into the sub-alkalic basalt field of the Ti vs Ca + Na diagram of Leterrier et al. (1982) (not shown). However, those from the MG, CA and LK groups are consistently Ti enriched compared with those of the CAK sample. The latter plot within the field of clinopyroxenes from orogenic lavas in the Ti + Cr vs Na diagram of Leterrier et al. (1982) (Fig. 3c) , whereas the former plot in the field of non-orogenic tholeiites, illustrating their unusual composition compared with pyroxenes from typical Age corrected to 0-72 Ma (Sajona eta/., 1994) . 
; -bbb^-bbb<cb arc lavas. This feature probably reflects the rather high TiC>2 contents of their host NEB magmas. Titanomagnetite (Tables 8 and 9 ) and/or hemoilmenite occur as minute (0-05-0-15 mm) crystals underlining the boundaries of plagioclase laths in the groundmass of the most mafic samples. They occur as phenocrysts (up to 0-6 mm) in the more evolved specimens, usually those which bear numerous pyroxene phenocrysts. Cr-spinel has been identified very sparingly in some samples. Amphibole phenocrysts (Table 7) are present only in the CAK sample, where they are always rimmed by titanomagnetites and range in size from 0-06 to 1-2 mm. According to Leake's (1978) classification, they are mostly alumino-tschermakites with minor tschermakitic hornblendes.
Andesites and dacites
Most of the adakitic andesites and dacites contain numerous plagioclase and brown amphibole phenocrysts set in a groundmass of microlites and glass. Flow texture is usually present. The plagioclase phenocrysts show oscillatory zoning. Resorption of individual zones is common, forming concentric bands of glass inclusions that are separated by wholly crystalline material. The cores are usually more calcic (Ari6o-5o) than the rims (A1150-40), although the reverse is also observed. The groundmass crystals are always more sodic at An 3 o_4o.
Amphibole is the dominant mafic phenocryst. They are always brown to vermilion red in color and are, in some relatively altered specimens, opacitized along their rims. They are calcic amphiboles (Table  7) with fairly constant mg-number at ~0"90, ranging in composition from magnesio-hornblende to tschermakite (Leake, 1978) . Less abundant mica phenocrysts (Table 7) are biotites with Mg/(Mg + Fe) ratios of ~06. A lone sample (P 90-21) contains a single crystal of augite. The relatively large size (2'4 mm) and rounded shape of the crystal suggest that it is a xenocryst, probably derived from the basalts described previously. Titanomagnetites are ubiquitously present, sometimes attaining 0-3 mm in diameter. Apatites are present both in the groundmass and as inclusions in the amphibole and biotite phenocrysts. Rare zircon crystals have also been identified as inclusions in some biotites and as free microphenocrysts. As a whole, this mineral paragenesis is identical to those of previously described adakites (Defant et al., 1991) .
MAJOR AND TRACE ELEMENT DATA
All the studied lavas do not contain normative nepheline and normative quartz when iron is expressed as Fe2C>3. They display a relatively wide range of SiO 2 contents (49-67%). Figure 4 presents Harker diagrams showing major and trace element concentrations plotted against SiO 2 . Most major elements appear to increase (Na 2 O, K 2 O) or decrease (TiO 2 , MgO, Fe 2 O 3 , CaO) regularly from the MG to AD groups. However, CA and LK lavas display contrasting K 2 O and P 2 Os contents at equivalent SiO 2 concentrations and, for these oxides, the CAK sample plots definitively above the main trend. Compatible elements Ni and Cr (Fig. 4) as well as Co and Sc (not shown) decrease abruptly from near primitive contents (MG group) to very low values (CAK and AD groups). Several incompatible elements, e.g. Nb and Yb (Fig. 4) and Y (not shown), apparently also decrease from the MG to the AD group, whereas Rb, Ba and La have similar behavior to that of K 2 O. The CAK sample clearly differs from the other basalts and basaltic andesites by its higher Rb, Sr, Ba and REE contents (Fig. 4) . The major element characteristics of Zamboanga AD (SiO 2 = 57-67%; Na 2 O/K 2 O = 2-6-4-3) generally fit those of adakites and experimentally simulated slab melts (Sen & Dunn, 1994) . Their trace element features are also typical with very low Yb (<1 p.p.m.) and rather high but variable Sr. All these rocks plot within the adakitic field in a Sr/Y vs Y diagram (Sajona et al., 1993, fig. 3 ). Their Cr, Co and Ni contents are very low with respect to other adakites (Sen & Dunn, 1994) .
Primitive mantle-normalized (Sun & McDonough, 1989 ) REE and extended incompatible element patterns are shown in Fig. 5 . The five groups identified from major element characteristics display specific features. The MG group has moderately steep REE patterns with (La/Yb)MN ratios ranging from 2'7 to 6-2. Their spidergrams lack negative Nb anomalies. Their Nb enrichment is emphasized by (La/Nb)MN ratios lower than unity (0-52-0-92). They also show positive anomalies in Ba and Sr resulting in low (Rb/Ba)MN (0-56-1-15) and (Rb/Sr)MN (0-62-1-03) ratios. The GA lavas have slightly steeper sloping REE patterns and multielement plots showing their more pronounced enrichment in LILE and LREE compared with the MG group. Their (La/Yb) MN ratios range between 4-3 and 12, whereas their absolute Nb concentrations (7-16 p.p.m.) are similar to those of the latter. Thus, with the exception of sample PH 93-37, they exhibit slight negative Nb anomalies corresponding to (La/ Nb)MN ratios from 1-0 to 1-5. The LK group displays the flattest REE patterns and spidergrams with accentuated positive Sr anomalies and (La/Yb)\cN ratios ranging from 2 -5 to 3-5. Although samples from this group have the lowest Nb contents (4-0-5-6 p.p.m.) and more pronounced negative Nb anomalies compared with MG and CA lavas, their (La/Nb)MN ratios range from 1-30 to 1-75, and they are thus still considered as NEB.
The K. enrichment of the CAK. sample is accompanied by high concentrations of other LILE (i.e. 100 times the primitive mantle) and LREE (Table  3) . Hence, although its Nb content (7 p.p.m.) is similar to the lowest concentrations found among the CA lavas, it has a strong negative Nb anomaly [e.g. The LILE concentrations of the AD lavas are generally higher than those of the NEB (Fig. 3) . Their spidergrams (Fig. 6) show the characteristic enrichments (LILE, LREE) and depletions (HFSE) of island arc lavas. In addition, these rocks are characterized by very low concentrations of Y (5-4-12-5 p.p.m.) and HREE (e.g. Yb = 0-58-1-02 p.p.m.) (Table 2 ) resulting in elevated Sr/Y ratios (46-120), typical of magmas derived from the melting of subducted oceanic crust (e.g. . The oldest adakite (PH 93-30: 38 Ma) is richer in Nb (5-8 p.p.m.) than the Quaternary samples (1-7-2-6 p.p.m.).
SPECIFIC FEATURES OF PLIOCENE-QUATERNARY MAGMATISM IN ZAMBOANGA
In spite of its almost ascismic character, the presentday subduction of the Sulu Sea back-arc basin crust beneath the Zamboanga peninsula is demonstrated by: (1) the occurrence of a well-developed trench, 4500-5000 m deep north and northwest of the peninsula, the shape of which parallels the distribution of Pliocene-Quaternary volcanoes (Fig. 1) ; and (2) multichannel seismic profiles west of Zamboanga peninsula showing the underthrusting of the Sulu crust beneath a typical accretionary prism and the probable occurrence of slivers of accreted oceanic crust material (Rangin & Silver, 1991) . The age of the initiation of subduction along the Sulu Trench can be constrained by correlation of our K-Ar age data with tephra fall deposits in the Sulu Sea. At Sites 768 and 769 of Ocean Drilling Program (ODP) Leg 124, the most recent tephra deposits have depositional peaks centered at ~7 Ma and ~4 Ma (Pubellier et al., 19916) . The older peak might be correlated with the installation of the Negros Trench northeast of the Sulu basin, and the younger one could correspond to the start of subduction along the Sulu Trench after the collision event in Central Mindanao at ~5 Ma (Pubellier et al., 1991a) . The 3-88 Ma age of our oldest dated sample (PH 93-30; Table 2 ) is consistent with this interpretation. The most intriguing feature of Zamboanga PlioceneQuaternary volcanism is the absence of typical orogenic lavas except the youngest dated (0-4 Ma: P 90-61) sample, a potassic calc-alkaline andesite. This suggests that the petrogenetic processes operating beneath Zamboanga during most of the PlioceneQuaternary were different from those usually occurring in mature subduction zones. The identification of these processes could provide answers to the following questions: (1) Table 4 .
the petrogeneses of adakites and NEB, given the close spatial and temporal relations between these rocks?
TECTONIC SETTING OF ADAKITE PRODUCTION IN ZAMBOANGA
The 'normal' thermal regime of subducting oceanic crust does not usually allow it to melt (e.g. Peacock et al., 1994) , because at pressures >2 GPa, the corresponding geotherms parallel the gabbro-H2O solidus (Wyllie & Wolff, 1993; Nicholls et al., 1994) . On the other hand, the specific geochemical features of adakites strongly suggest their derivation from melting of oceanic basalts metamorphosed into the garnet-bearing amphibolite facies . Recent dehydration melting experiments (Rapp et al., 1991; Sen & Dunn, 1994) concluded that liquids basically similar to adakites can be obtained by melting garnet amphibolites at 800-1025°C under pressures of 1-5-2 -0 GPa. According to thermal models developed by Peacock (1990) and Peacock et al. (1994) , such melting requires specific geodynamic conditions to be realized in subduction zones resulting in thermal regimes several hundreds of degrees hotter than more typical subduction zone environments. These conditions include (1) high shear stresses (> 100 MPa) likely to be achieved in very fast subductions, (2) subduction of very young (<5 Ma) oceanic lithosphere, and (3) early stages of subduction during which the top of subducting oceanic crust may be up to 300°C warmer than in mature subduction zones for several million years. In addition, the geodynamic setting of adakites in circum-Pacific subduction zones suggests that they may also form either through melting of <25-Maold oceanic crust Defant et al., 1991) or, alternatively, through waterundersaturated partial melting of underplated mafic lower crust (Atherton & Petford, 1993) or previously subducted oceanic crust (Peacock et al., 1994) .
In the case of Zamboanga, the present-day convergence rate between the Sulu Sea and western Mindanao is unknown, and thus the possible role of high shear stresses cannot be evaluated. The age of the currently subducting portion of the Sulu Sea is 10 Ma based on magnetic lineations (Roeser, 1991) or, alternatively, ~20 Ma according to paleontological studies on sediments from ODP Leg 124 Site 768 (Rangin & Silver, 1991) . Heat flow studies in the Sulu Sea indicate a high thermal gradient (200°C/km) for the southeastern portion of the basin near the Sulu Trench (Hinz & Block, 1990) . The occurrence of adakites in Zamboanga may thus be explained equally well by the young age and hot thermal regime of the subducted slab or the VOLUME 37 NUMBER 3 JUNE 1996 recent initiation of subduction. In addition, the hypothesis of melting of subducted slivers of oceanic crust cannot be discarded, as seismic profiles (Rangin & Silver, 1991) indicate the occurrence of such slivers at moderate depths. The deep structure of the Sulu Sea subduction zone beneath Zamboanga remains unknown partly owing to the aseismic nature of subduction and the lack of tomographic data, but it clearly fulfils most of the conditions that could allow slab melting to occur.
PETROGENETIC RELATIONSHIPS AMONG NEB GROUPS
Major and trace element data illustrated in Figs 2, 4 and 5 suggest that some relationships exist between the MG, CA and LK groups of the Zamboanga NEB. As the MG, CA and LK groups were emplaced more or less contemporaneously (Table 2) , we examine the roles of closed system fractionation (CSF), fractional crystallization coupled with crustal-harzburgite assimilation (AFC) and partial melting (PM) in generating the diversity of compositions of these lavas.
Closed system fractionation
Petrographic investigation supports the occurrence of crystal fractionation even for the most magnesian samples. The Harker diagrams for major elements in Fig. 4 suggest that MG group lavas might be parental to the CA and LK groups. However, in most of the trace element vs SiO 2 diagrams, the three groups of lavas plot into clusters that do not follow expected CSF trends. For example, the LK group has the lowest incompatible element compositions, and therefore cannot be derived from the MG group by CSF. The CA group, however, has higher concentrations of incompatible elements than the MG group and might have been derived from the CSF of the latter. We have tested this hypothesis using, as parent lava, the Si-poor and Mg-rich basalt P 90-36 which was collected in the vicinity of CA group samples. Using the microprobe analyses of P 90-36 phenocrysts to test the derivation of CA samples from this parent magma, least-squares mass balance calculations (Bryan et al., 1969) showed good fits with sums of squares of residuals ranging from 0-009 to 007 (Table 10 ). Taking the proportions of fractionating minerals from the above calculations, we have evaluated the effects of CSF on trace element patterns using a set of partition coefficients largely based on . The results are displayed in Fig. 6a -d as calculated and measured daughter/parent ratios. The smooth patterns generated by the CSF model do not reproduce the main pecularitdes of the CA lavas, e.g. their higher La/Nb ratios compared with the MG group, and the test is considered unsatisfactory.
Assimilation coupled with fractional crystallization
The chemical diversity of mafic lavas can result, at least partly, from complex fractionation processes, e.g. crustal or harzburgite assimilation by fractionating basaltic magma stored at the crust-mantle boundary (Kelemen, 1990) . The metamorphic basement of the Zamboanga arc is exposed in the northwestern portion of the peninsula and is probably absent in the eastern portion where the adakite and NEB volcanoes occur. This seems to be supported by our initial Sr-and Nd-isotopic data (unpublished, 1995) Nd = 0-512942), the values of which are all within the range of MORB isotopic ratios, thus ruling out any role of crustal assimilation in their petrogenesis. We will therefore limit this section to assimilation of harzburgite coupled with fractional crystallization (AFC). We have plotted in Fig. 7 [following Yogodzinski et al. (1994) ] the CaO/Al 2 O 3 and CaO/Na 2 O ratios against FeO*/MgO of the Zamboanga NEB together with a high-Mg primitive basalt from the Aleutians (MK15; Gust & Perfit, 1987) and its CSF and AFC daughters as calculated by Kelemen (1990) . Also included are fields of highMg basalts and andesites from the Komandor graben, Aleutians (Yogodzinski et at., 1994) and Setouchi, Japan (Tatsumi, 1982) . The Zamboanga NEB define different fields that may, for the MG and LK groups, be modeled as the result of CSF affecting a hypothetical parent magma similar to an Aleutian primitive basalt. According to Kelemen's (1990) calculations, the most mafic lavas of the CA group might derive from the AFC of this parent magma but none of the tested CSF and AFC trends accounts for the horizontal distribution of the CA sample. Further analyses using trace elements on the role of CSF and AFC processes in the diversity of Zamboanga NEB are presented in a later section.
Partial melting (PM) and source mineralogy
The ratio of the normalized concentrations of a highly incompatible element to a moderately incompatible element can be used to identify partial melting trends (Treuil & Joron, 1975; Gm, groundmass; Mp, microphenocryst; NA, not analyzed. Minster, 1978) . Differing degrees of batch partial melting will produce magmas that will plot a linear array on this type of diagram. In general, for mantlederived lavas, the greater the difference of compatibility between two trace elements considered (e.g. Ba and Yb), the greater the slope they define. This slope is also controlled by the presence of minerals (e.g. amphibole, mica, garnet) with high partition coefficients (A"d) for the more incompatible elements (e.g. K, Nb, Yb), especially during invarient melting (Frey etal., 1980; Hofmann etal., 1984) . On the other hand, CSF will produce sub-horizontal trends on these diagrams. In Fig. 8 , the MG and CA groups define steep but diverging linear trends. The number of LK group samples is too small to define the corresponding trends. In the four diagrams, MG group samples coherently plot on the hypothetical PM curves and the scatter of CA lavas suggests some fractionation (e.g. plagioclase in Fig. 8a ). The relative differences in the slopes of the PM trends between the MG and CA groups most probably indicate different source mineralogies. The steeper slopes of the CA group in Fig. 8b-d suggest that its source could be richer in Dy-, Yb-and Ti-bearing phases compared with the source of the MG lavas.
As shown in Figs 4, 7 and 8, the MG samples experienced little fractionation so their mantle signature should be better preserved compared with the other groups. The inverse technique formulated by Minster & Allegre (1978) and simplified by can be applied to these samples to investigate their source mineralogy. The method of Hofmann & Feigenson calls for the estimation of the primary composition of the lavas by adding observed fractionated minerals back into the rocks until a primary magma composition is obtained [see also Feigenson et al. (1983) and Osmerod et al. (1991) ]. A similar method has been applied by Tatsumi et al. (1983) to basalts from northeastern Japan. In addition to the MG samples, we have included sample PH 93-37 in these calculations because of its field association with the former in Basilan Island. An important assumption of this procedure is that all the lavas considered in the calculations were either derived from a common primary magma or that they have approximately identical primary (major element) compositions when generated in the mantle. To estimate the composition of such a primary magma, we added sufficient amount of olivine to an olivine-phyric VOLUME 37 NUMBER 3 JUNE 1996 Gm, groundmass.
sample (P 90-35), until an m^-number of 65 was obtained. This brought the FeO*/MgO ratio of the sample to < 1, another criterion for primitive lava composition (Tatsumi et al., 1983) . The other samples were also corrected for fractionation by adding amounts of olivine (+ Cr-spinel) ± clinopyroxene ± plagioclase ± ilmenite/magnetite whose proportions were determined using least-squares regression (e.g. Wright & Doherty, 1970 ) from the hypothetical primary magma. This brought MgO concentrations of the lavas to ~9%, consistent with estimates of primary magma composition of the MG lavas using Ni-MgO variations [method of Hart & Davis (1978) ; not shown]. Trace elements were corrected assuming that the lavas underwent Rayleigh fractional crystallization. We subscribe to other important assumptions of and Feigenson et al. (1983) in employing this correction.
Process identification diagrams are shown in Fig.  9 , where linear regression arrays with correlation coefficients usually better than 0-9 define partial melting trends that can be related to the batch partial melting equation of Shaw (1970) , (1) where C/ is the element concentration in the source, F is the degree of melting and P is the melt coefficient. For a 'perfectly' incompatible element H, i.e. the P and D 1 of which are approximately zero, equation (1) reduces to
F from the two equations above can be eliminated; thus, where
is the slope and is the intercept of the line defined by equation (3). From (5), it becomes evident that when I 1 is a positive value, P 1 < 1, that is, no mineral with a high K<} for / is present in the source. The inverse is true when / is negative. In Fig. 10 , we plotted / values with their standard deviations from the regression against the respective S 1 values. The Iff errors increase from left to right owing to increasing slopes of the regression lines. It can be seen that except for the I 1 values for Y, Dy and Eu, those of the other elements are not within regression error of the origin. Thus, in Fig. 9 , the negative intercepts for the HREE plots indicate that garnet is probably present in the source. If significant, the near-zero or negative / for Eu and the largely negative / values for Dy and Y (considering their standard deviations, Fig.  10 ) implies that P for these elements would either approach or be greater than unity [see equation (5)]. This would suggest that substantial amounts of clinopyroxene and amphibole with high K d values for the MREE and Y might be present in the source. It could also indicate that partition coefficients of garnet for MREE and HREE in these basalts are higher than measured by Shimizu & Kushiro (1975) (e.g. KdYb -4) on anhydrous systems. These lavas could have K dgv -act for REE close to values derived by Mysen (1978) (e.g. K dYb ~10) and Nicholls & Harris (1980) (e.g. K dY b ~8) for H 2 O-saturated silicate melts. In addition to the HREE, plots for Ti and Zr also give small negative intercepts. The negative Ti intercept supports the presence of elements with a high Aj for Ti, e.g. titanate minerals and amphibole. As Nb has a positive I 1 , it implies that the Ti-bearing mineral present in the source has only moderate K d for Nb. Rutile, therefore, cannot be envisaged to be present in the source, as it has a very high K d for Nb (16-26; McCallum & Charette, 1978; Green & Pearson, 1987) . Ilmenite, with a A"dNb = 0-6-2-3 and/or amphibole (A^N^ 1-1-5) are more viable candidates. If significant, the small negative intercept of the Zr plot would also suggest the presence of Zr-bearing minerals in the source.
ORIGIN OF NEB: INHERENT HFSE ENRICHMENT?
Given the similarity in incompatible element concentrations and patterns as well as isotopic abundances between some island arc and within-plate lavas, several workers invoked the presence of an OIB-type component in the sub-arc mantle source (Sinha & Hart, 1972; Church & Tilton, 1973; Hawkesworth, 1979; Stern, 1981; Morris & Hart, 1983) . This same hypothesis has been proposed for high-Nb basalt generation (e.g. Verma & Nelson, 1989; Leeman et al., 1990) , particularly to explain the HFSE enrichment of these rocks. The OIB hypothesis implies a heterogeneous sub-arc mantle, i.e. the marble cake or plum-pudding models and their derivatives (Brooks et al., 1976; Chase, 1981; Boss & Sacks, 1983; Morris & Hart, 1983; Ringwood, 1990) . During partial melting of such a mantle, contributions from the various ingredients will produce an array of mixed or hybrid compositions intermediate between or among the various mixing poles. In Fig. 11 , the Zamboanga NEB plot subparallel along mixing lines and within the roughly triangular field delimited by simple mixing paths of OIB + MORB, OIB + IAT and OIB + slab fluid. Sajona et al. (1994, fig. 10 ) were able to reproduce the normalized trace element plots of NEB by mixing OIB + IAT ± MORB. This model is attractive owing to its simplicity but it requires the involvement of a deeper asthenospheric source to explain the incorporation of OIB nuggets into the mantle. However, as observed by Defant et al. (1992) , all the areas where HNB or NEB occur have at least two common features: (1) they are underthrust by young (^25 Ma) crust; and (2) adakites and HFSE-rich lavas are erupted more or less simultaneously. The mafic nature of NEB precludes their derivation from the partial melting of the subducted basaltic crust. It seems rather odd that OIBtype plumes would be present ad hoc only beneath arcs where young crust is subducted and where adakites are produced. The adakite-NEB association strongly suggests that one lava type plays a major role in the petrogenesis of the other. As it is more likely that NEB are derived from the partial melting of peridotite than of the subducted slab, and that the slab affects the overlying mantle wedge than vice versa, it is plausible that the interaction of ascending slab melts with the mantle is responsible for the HFSE enrichment of the NEB.
THE NEB-ADAKITE CONNECTION
We have shown above that the source of NEB, aside from containing minerals with a high K& for the HREE (i.e. garnet), might also have Ti-bearing phases, which could affect the HFSE dynamics in the sub-arc mantle. In Fig. 12 , the trends exhibited by the Zamboanga NEB, as well as those of the Washington Cascades (Leeman et al., 1990 ) cannot be modeled by simple mixing of the components modeled in Fig. 11 . As Nb and La have similar bulk distribution coefficients (Sun & McDonough, 1989; McCulloch & Gamble, 1991; Thirlwall et al., 1994) , the ratio (Nb/LaJ^N should not vary with degree of melting provided no Nb-bearing phase was involved in this process. This is demonstrated by the horizontal trend of one group of Grenada lavas (Thirlwall et al., 1994) and hot spot lavas from Marquesas (Le . A vertical trend could result either from CSF of a mineral with a high K& for Nb (e.g. amphibole, ilmenite) or from assimilation of peridotite by a fractionating magma if, during this process, the mass of assimilated material (Af m ) equals the mass crystallized (Af c ) according to the calculations of Kelemen et al. (1993) . The negative sloping trends can be produced either by addition of La via slab-derived fluid input, AFC where MJM C <1 (Kelemen et al., 1993) , or PM involving Nb-(and Ti)-bearing phases. Only the MG and CA groups of the Zamboanga NEB as well as those from the Southern Washington Cascades follow such trends. In the plots of (Nb/La) M N (Kelemen tt aL, 1993) . Partial melting without a Ti-bearing phase should produce horizontal trends, e.g. the Marquesas lavas. The negative diagonal trend is only produced by partial melting involving an Nb-Ti-bearing phase, as displayed by the MG group and some Cascade basalts. The CA group defines a steeper sub-vertical trend, indicating either CSF with the participation of ilmenite or enrichment in the LREE through slab fluid contribution, or both.
In contrast to slab fluid metasomatism, slab melt hybridization should add HFSE to the mantle because small percent partial melting of the slab should mobilize the most incompatible elements (e.g. Kesson & Ringwood, 1989) . However, adakites display clear negative Nb anomalies in mantlenormalized diagrams (Fig. 5) despite the fact that they are able to bring significant amounts of Nb into the mantle (Sajona et aL, 1994 , fig. 12). Yogodzinski et al. (1994 fig. 15 ) have calculated that the partial melting of bulk mixtures of depleted mantle + adakite produces liquids carrying negative Nb anomalies unlike the MG lavas. In Fig. 13a , it is shown that variations in the LREE/HREE ratios of Zamboanga NEB plot along mixing hyperbolae between MORB and two representative Zamboanga adakites. In Fig. 13b , however, only the LK group consistently plots along the mixing curve. The general trace element characteristics of LK lavas may be modeled by simple mixing of 20-40% adakite and 80-60% MORB (Fig. 13a) , like the high-Mg andesites of Piip Volcano, Aleutians (Yogodzinski et al., 1994) . The two other groups define a semi-vertical trend indicating their Nb enrichment that cannot be accounted for by simple mixing, especially for the MG lavas. It is necessary to envision a hybridization-metasomatic process resulting in the removal of these anomalies from the sub-arc mantle.
Recent reviews of mantle metasomatism processes (Nielson & Wilshire, 1993; reveal that the percolation model sensu stricto (Nav.on & Stolper, 1987; Bodinier et al., 1990) , does not always account for the enrichment observed in natural examples (e.g. Takazawa et al., 1992) . Based on studies of mantle xenoliths, showed that the reaction of a metasomatizing magma or fluid with the mantle results in an array of compositions that ranges from the simple mixing of the two reactants (e.g. magma or hydrous fluid and peridotite) to enrichments that reflect ion exchange between the host mantle and the percolating liquid (Navon & Stolper, 1987; . Recent experiments of Sen & Dunn (1995) on the reaction of (adakitic) amphibolite melts with spinel lherzolite show that olivine, clinopyroxene and spinel are consumed and amphibole and Fe-enriched orthopyroxene are precipitated. Reaction between peridotite and K-rich silicic magma has been experimentally shown by Sekine & Wyllie (1982) to produce zones of hybridized rock containing phlogopite, and Carroll & Wyllie (1989) further demonstrated that such reaction produces garnet, pargasitic amphibole, clinopyroxene and orthopyroxene. These same minerals, with the exception of phlogopite, have been recently reported to occur in mantle xenoliths included in NEB of northern Kamchatka, where these rocks are also associated with adakites (Defant et al., 1995; Kepezhinskas et al., 1995) . Thus, as in other natural mantle xenolith samples (O'Reilly et al., 1991; and lher- zolitc massifs believed to be representative of metasomatized mantle material (Bodinier et al., 1990; Takazawa et al., 1992; Nielson & Wilshire, 1993) , amphibole could be expected to be one of the most common Nb-bearing metasomatic phases, with or without mica, during slab melt-peridotite reaction. In addition, Ti-bearing phases could be stable in a zone of hydrous and oxidized peridotite immediately above the subducting crust (Reagan & Gill, 1989) . Also, silicic slab melt hybridization could result in zirconium input into the mantle (recall the negative intercept of Ba/Zr in Fig. 9 ) as they are Ti and Zr saturated (Ryerson & Watson, 1987) and adakites usually contain zircon phenocrysts. This type of mantle hybridization is analogous to modal 'Fe-Ti' metasomatism (Harte, 1983; Nielson & Noller, 1987) ascribed to 'silicate melt metasomatism' (Menzies et al., 1987) . The metasomatic minerals might be present in veins and fracture walls in the adakite-metasomatized mantle and could scavenge HFSE from ascending slab melts. In fact, O'Reilly & Griffin (1988) and O'Reilly et al. (1991) have shown by detailed proton-microprobe studies of Victoria lherzolite xenoliths that in amphibole-rich zones of the peridotite walls hosting the metasomatic veinlets there is marked enrichment in Nb and Ta (up to 29 and 2-13 p.p.m., respectively) that is even stronger than that of La in mantle-normalized diagrams.
Although the nature of metasomatizing agents in the Victoria xenoliths and the Zamboanga adakites differs, analytical studies show that it is the presence are from Sun & McDonough (1989) . The value for IAT (island arc tholeiite) is from Dupuy it al. (1982) , and that for the slab fluid is from . Two of our adakite samples are also shown.
of 'acceptor' minerals (i.e. minerals with high Kv alues for a certain element; O'Reilly et al., 1991) that determines the enrichment that mantle metasomatism could generate. Thus, the K& values of these acceptor phases, rather than the actual composition of the metasomatizing agent, would play a major role in the bulk enrichment process. We envision a model of enrichment similar to the 'H2O-purifier' model of Nielson & Wiltshire (1993) in which the earliest slab melts would react with and modally metasomatize the mantle, producing HFSE acceptor minerals. The HFSE would be selectively extracted from subsequent liquids that would pass through the metasomatized mantle whereas the other incompatible elements are either carried away or much less incorporated into the mantle wedge peridotites. As a corollary, adakites, when passing through such a mantle, would undergo variable and/ or differential depletion in Nb, perhaps depending on the degree and nature of mantle metasomatism. This could explain the wide range of (Nb/Yb) n ratios of the Zamboanga adakites (from 10 to 47 at comparable Yb contents; through an 'F^O-purifier' mantle containing OHbearing minerals would result in their HFSE depletion. It is interesting to note that the oldest dated adakite, PH , is also the richest in Nb (5-8 p.p.m.). This might indicate that it passed through relatively unmetasomatized mantle during the start of the Sulu Trench subduction. Younger adakites (<1 Ma), on the other hand, are much more depleted in this element (Nb= 1-6-2-7 p.p.m.), possibly as a result of their ascent through a mantle previously hybridized by the passage of earlier slab melts. The HFSE enrichment of the Zamboanga NEB plus their low Zr/Nb ratios (7-24 vs 20-90 in typical IAB) supports the contention that Ti-bearing phases, if present in the source, are not likely to remain stable during melting in sub-arc mantle conditions (Arculus & Powell, 1986; Ryerson & Watson, 1987) . Thus, selective anatexis of the metasomatized mantle, as suggested by O'Reilly & Griffin (1988) , could bring about the enrichment and trace element variations in the resulting magma. In a veined mantle, for example, the older hybrid components introduced by early metasomatic events would be the first liquidus products in later partial melting events (O'Reilly it al., 1991; Foley, 1992) .
THE CA AND CAK GROUPS:
A TRANSITION TOWARDS 'NORMAL' ARC REGIME?
Despite the similarity of their absolute Nb concentrations to those of MG lavas, the CA group lavas present negative Nb anomalies owing to their higher HREE and LILE concentrations. Also, the youngest CAK sample (0-4 Ma) is distinct from the others in having strong LILE and LREE enrichments, thus accentuating its negative Nb anomaly (Fig. 5) . Figure 14 shows that whatever their geographical and temporal distribution ( Fig. 1) and their HFSE enrichment, the MG, CA and CAK group lavas have a relatively limited range of Nb contents whereas their LILE and HREE concentrations span from 10 to 100 times those of the primitive mantle. Ignoring their Nb enrichment, the style of LILE and LREE enrichment exhibited by these lavas reflects that which is displayed by typical arc magmas. It seems therefore that the source of some NEB has been further modified by the selective addition of LILE and LREE, most probably by slabderived fluids. In contrast to the Fe-Ti metasomatism that could produce HFSE enrichment, slab or 'hydrous fluid' metasomatism would result in K (and LILE) enrichment (Tatsumi et al., 1986; Menzies et al., 1987) , as shown by the CAK sample. Although the time-related increase in alkalinity of the Zamboanga basalts and basaltic andesites is rather drastic (i.e. significant enrichment occurred in <3 m.y.) it follows the enrichment patterns of typical orogenic lavas in many arc settings (e.g. Luzon arc- Bellon et al., 1995; Sunda arc-SoeriaAtmadja et al., 1994) . It seems therefore that, regardless of the absolute concentration of HFSE in the source, the negative Nb anomaly is produced when LILE and HREE enrichment brought by slabderived fluids overprints the effects of slab melt metasomatism. Such a process may explain why the high-Nb basalts of Panama described by Defant et al. (1991) have strong negative Nb anomalies despite their high Nb concentrations (>20 p.p.m.). 
CONCLUSION: PROPOSED GENETIC MODEL
The Zamboanga adakites were emplaced in front-arc position with respect to the NEB edifices (Fig. 1) . This is in agreement with the hypothesis that slab melting is induced at relatively shallow depths between 75 and 85 km corresponding to the amphibolite-eclogite window of the subducted slab (e.g. . Thus, considering normal mantle isotherm models in subduction zones, the mantle column through which adakites percolate is located at depths that would not permit mantle anatexis (Tatsumi, 1989) . Dragging of this mantle to deeper portions by subduction-induced convection (e.g. Hsui ctal., 1983; Tatsumi, 1989; Peacock, 1990) would bring it to pressures and temperatures where garnet is stable and where mantle melting could be realized (Wyllie, 1982) , producing the NEB farther from the trench axis. The presence of garnet in these levels could explain the strong fractionation exhibited by the REE in some of the NEB. A similar scenario has been suggested by Bau & Knittel (1993) for the observed increase in the Nb contents of Luzon arc lavas with increasing distance from the Manila Trench. We envision the following geodynamic constraints on the geochemical evolution of the Zamboanga arc as illustrated in Fig. 15 :
Stage 1 (~5 Ma): following the end of the collision in Central Mindanao, the young Sulu Sea crust (and possibly its extinct spreading center) began to subduct and dehydrate beneath depleted MORB-type mantle wedge.
Stage 2 (4-3 Ma): probably owing to the high heat flow preserved by the extinct Sulu Sea spreading center or owing to the initiation of subduction, the subducted Sulu Sea crust undergoes melting at depths of 75-85 km, corresponding to the amphibolite-eclogite transition zone ). Initial slab melts, i.e. adakites, rise into and hybridize the mantle wedge peridotites, resulting in the formation of metasomatic phases (e.g. amphibole and ilmenite). Only a few of them reach the surface, whereas others preferentially enrich the mantle wedge in HFSE elements that are incorporated in the metasomatic minerals.
Stage 3 (<2 Ma): the metasomatized mantle is dragged down to deeper portions of the wedge. The breakdown of metasomatic phases (predominantly amphibole) induces variable degrees of melting producing several types of Nb-enriched magmas which are emplaced behind the adakite edifices. During their ascent, the most primitive magmas (MG group) suffer little fractionation and interaction with the host peridotites, whereas others evolve either by CSF (LK group) or AFC (involving assimilation of depleted peridotite-CA group). Meanwhile, the subducted slab dehydrates, releasing LILE-LREErich and Nb-poor fluids that further metasomatize the mantle. Approximately 0-4 Ma ago, melting of this fluid-enriched mantle produced CAK. lavas with Nb concentrations similar to those of the older lavas but with an accentuated negative Nb anomaly.
It must be noted, however, that in other regions where the adakite-NEB association occurs, NEB are intercalated with the adakites in the same volcanic edifice or occur along the same volcanic axis. Examples are found in Mount St Helens (Defant & Drummond, 1993) and Turrialba, Costa Rica (Reagan & Gill, 1989; Defant et al., 1992) . Although the Cascades volcanism is related to the subduction of very young (3-0 Ma) and therefore hot oceanic lithosphere, the Central American arc region, in turn, is characterized by unusually high heat flow. The thermal regime of the mantle in these subduction zones, therefore, might be high enough such that hydrous metasomatic phases in the adakitemetasomatized mantle would break down and trigger partial melting at shallower depths just above the zone of slab melting. This could explain the closer geographic association of NEB and adakites in these areas. assistance in our K-Ar dating and microprobe analyses, respectively. We appreciate corrections, comments and suggestions by J. T. Dunn and P. Z. Vroon, which helped improve this paper.
